~,~-2-amino-3-phosphonopropionate (D,L-AP~) has complex pharmacologic activity at central nervous system metabotropic glutamate receptors important in excitatory neurotransmission and development. Previous studies have described retinal and optic nerve atrophy in adult rats after postnatal treatment with D,L-AP3. Using neonatal male Sprague-Dawley rats, the present studies examined normal postnatal retinal development ( n = 20) and the progression of retinal toxicity induced by D,L-AP~ (n = 30). Retinal development was examined by light microscopy on postnatal days (PNDs) 5, 9, 12, 16, and 22. Between PNDs 5 and 16, the retina underwent considerable postnatal differentiation. A prominent neuroblastic layer evident on PND 5 differentiated into outer retinal layers by PND 16. To examine the effects of D,L-AP~, neonatal rats were treated intraperitoneally with sterile water or 400 mg/kg/day D,L-AP~ on PNDs 3-6. On PNDs 5, 7, 10, 15, and 20, retinas were examined by light and electron microscopy. On PNDs 5 and 7, cells with swollen, pale cytoplasm were evident in the more differentiated inner nuclear layer and in the middle of the developing neuroblastic layer. Retinal toxicity rapidly progressed after treatment, because developing outer retinal layers had cytoplasmic swelling, nuclear pyknosis, and necrosis on PND 10. By PNDs 15 and 20, retinal dystrophy was severe and involved primarily outer layers. This study showed that early postnatal treatment with D,L-AP~ initiates rapidly progressing retinal toxicity, thus implicating metabotropic glutamate receptors in the postnatal retinal development of rats.
Excitatory amino acid neurotransmitters regulate much of the stimulatory activity in the central nervous system,12 including the retina. 1, 33 These neurotransmitters interact with a heterogeneous group of receptors that can be classified into two main types: ionotropic and metabotropic glutamate receptors. Stimulation of ionotropic receptors opens a transmembrane ion channel that regulates the entry of sodium and calcium into the neuron. 2 In contrast, metabotropic receptor activation produces guanosine triphosphate binding protein-mediated increases in phosphoinositol hydrolysis, increases or decreases in cyclic adenosine monophosphate (AMP) formation, and changes in ion channel function. 21 Metabotropic glutamate receptors have a role in the development of the central nervous system' and are important during postnatal growth of the nervous system in neonatal r a t~.~J~ ~,~-2-amino-3-phosphonopropionate (D,L-AP~) is structurally related to aspartate, an excitatory amino acid neurotransmitter. Both compounds have complex effects on central nervous system metabotropic glu-tamate receptors.21 Because D,L-AP~ functionally alters metabotropic glutamate receptors in pharmacologic models,23 it can be used to investigate the potential role of these receptors in nervous system development. In neonatal mice, D,L-AP~ toxicity has been reported to involve retinal Muller cells. l 9 Recent studies with D,L-AP~ in rats have demonstrated adverse effects on development28 and behavior29 as well as toxicity in the brain30 and eye.6 D,L-AP~ produced retinal and optic nerve atrophy in adult rats exposed during the neonatal period.6 Lesions were more severe when neonatal rats were exposed very early in life, probably because considerable retinal development occurs during the early postnatal period in rodent^.^^,^^,^^ Initial studies have described the ocular lesions in adult rats after neonatal D,L-AP~ treatment,6 but the pathogenesis of retinal toxicity is currently unknown. The present light and electron microscopic studies, which have been presented in abstract form,5 investigated the progression of retinal toxicity in neonatal rats resulting from D,L-AP3 treatment during the postnatal period.
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Materials and Methods
Two separate studies were performed in male Sprague-Dawley neonatal rats: a preliminary study to evaluate normal postnatal retinal development (light microscopy only) and a primary study to examine the effects of D,L-AP~ treatment (light and transmission electron microscopy). For both studies, litters were received at 1 day of age (Charles River Laboratories, Portage, MI) and housed with a stock dam in polycarbonate shoebox cages. All rats were maintained on a 12hour lightldark cycle in a controlled environment with free access to food and water. Rats were randomly selected and assigned to treatment groups.
The preliminary study was included to provide an understanding of maturational events during postnatal retinal development, although the details have already been publ i~h e d .~~.~~ Untreated rats (n = 20) were examined by light microscopy on postnatal days (PNDs) 5, 9, 12, 16, and 22. Rats (four per time point) were deeply anesthetized with methoxyflurane and perfused through the left ventricle with a heparinized phosphate buffer (20-30 seconds) followed by a fixative solution of electron microscopic grade 2.5% glutaraldehyde/2.0% formaldehyde (5-7 minutes). Perfusion was done with a variable-flow volumetric pump (IVAC 560, IVAC Corp., San Diego, CA) at a variable delivery rate based on the size of each rat. Eyes were carefully removed and a remnant portion of optic nerve retained as a landmark. Whole eyes were processed through graded alcohols, embedded in glycol methacrylate, sectioned at 3 wm through the region of the optic nerve, and stained with hematoxylin and eosin for examination by light microscopy.
The effects of D,L-AP~ treatment on retinal development were evaluated in the primary study reported here. Neonatal rats (n = 30) were given daily intraperitoneal injections of sterile water or 400 mg/kg D,L-AP~ (D,L-AP~, Sigma Chemical Co., St. Louis, MO) on PNDs 3-6. This dosing period was selected because earlier studies showed enhanced retinal toxicity when D,L-AP~ was given very early in the postnatal period.6 On PNDs 5, 7, 10, 15, and 20, rats (three treated and three controls for each time point) were perfused as described earlier. A special trimming procedure was developed to reproducibly trim the eyes and obtain consistent sections in the same sagittal plane ( Fig. 1) . A small suture was placed in the lateral sclera as an anatomic reference prior to enucleation. After enucleation, a circumferential cut was made just behind the corneal/scleral junction, and the cornea, ins, lens, and vitreous were removed to leave a scleralhetinal cup preparation. A sagittal cut through the center of the scleralhetinal cup at the level of the remnant optic nerve was made for final orientation in the block. Trimmed tissues were secondarily fixed in a solution of cold 2.5% glutaraldehydel 2.0% paraformaldehyde for 24 hours, rinsed with 0.1 M sodium cacodylate buffer (pH 7.2), postfixed in aqueous 1% osmium tetroxide/ 1.5% potassium femcyanide on ice, serially dehydrated in ethanols, and embedded in epoxy resin (EMBed 8 12, Electron Microscopy Sciences, Fort Washington, PA). Epoxy blocks were sectioned at 1 wm with a diamond knife, stained with toluidine blue, and examined by light microscopy. Areas in the middle portion of the retina (i.e., halfway between the central retina near the optic nerve and the peripheral retina near the ora serrata) were selected for transmission electron microscopy. Ultrathin sections were cut with a diamond knife, stained with uranyl acetate and Sato's lead citrate, and examined with a Philips 4 1 OLS transmission electron microscope.
Results
Light microscopy of normal postnatal retinal development
The results of this study were in agreement with previous d e s c r i p t i o n~.~~,~~ Considerable retinal devel- Retina; control rat, PND 16. Retinal layers are fully developed. Compare the increased cellular differentiation in the inner and outer nuclear layers with those at PND 9 (Fig. 2) . Also, note the increased thickness in the photoreceptor outer segments and the inner plexiform layer. Hematoxylin and eosin. Bar = 40 pm. opment and maturation was evident from PNDs 5 to 16. On PND 5, the neonatal rat retina had relatively mature inner layers and a thick, undifferentiated neuroblastic layer containing rows of dense nuclei (Fig. 2 ). The inner portion of the neuroblastic layer showed early evidence of cellular differentiation, and the outer plexiform layer was emerging in the central region of the neuroblastic layer. Certain pale cells within the emerging outer plexiform layer had prominent nuclei and more cytoplasm than adjacent cells. By PND 9, all retinal layers were evident, but the inner plexiform layer and the photoreceptor outer segments were still relatively thin ( Fig. 3 ) These regions were thicker and more mature on PNDs 12 and 16 ( Fig. 4 ). Retinas on PND 22 were very similar to those on PND 16. For each time point, central retinal regions near the optic nerve had relatively greater differentiation and maturation than peripheral retinal regions near the ora serrata.
Light microscopy of ~,~-AP3-induced retinal lesions
Retinal lesions induced by D,L-AP~ treatment in the neonatal rat retina began in two regions, rapidly progressed to involve the entire developing retina, and were not present in controls. On PND 5 (after 2 days of treatment), affected cells were identified in two locations: (1) the more differentiated inner neuroblastic layer and (2) the emerging outer plexiform layer within the outer neuroblastic layer (Fig. 5 ). In the inner neuroblastic layer, cells had pyknotic nuclei and clear swollen cytoplasm. Pyknotic profiles without cytoplasmic swelling were also scattered along this region, sometimes in small clusters. Affected cells along the emerging outer plexiform layer had swollen cytoplasm, but pyknosis was not evident. On PND 7 (after 4 days of treatment), the character of the lesion was similar, but changes were slightly more extensive. Although affected cells existed across most of the developing retina, early changes on PNDs 5 and 7 were more prominent in the peripheral retina than in the central retina. By PND 10 (4 days after treatment termination), severe cytoplasmic swelling, nuclear pyknosis, and necrosis were prominent and involved most layers in the central and peripheral retina ( Fig. 6 ). Early evidence of developmental disruption was apparent, because formation of the inner and outer nuclear layers from the neuroblastic layer had not occurred and no outer plexiform layer existed (compare Fig. 6 to Fig. 3 ). In addition, the border between outer photoreceptor nuclei and the developing photoreceptor outer segments was very irregular. Pyknotic nuclei and necrotic debris contacted the retinal pigmented epithelium in some areas. among individual animals at a given time point but was generally more pronounced on PND 20 than on PND 15. In all cases, a gradient of dystrophy existed, with the peripheral retina more severely affected than the central retina. Centrally, the nerve fiber, ganglion cell, and inner plexiform layers appeared morpholog-ically normal (Fig. 7) ; however, in some cases, the inner plexiform layer of the central retina was slightly thinner than normal. In contrast, the outer layers were severely disrupted, irregular, and thin. Photoreceptor nuclei were infrequent and outer segments were absent. In severely affected rats on PNDs 15 and 20, inner retinal layers were also involved, predominantly in the peripheral retina ( Fig. 8) . Additionally, ganglion cells appeared to be less numerous, and the inner plexiform layer was thin. The inner nuclear layer consisted of a thin layer of necrotic debris and remnant cells with occasional prominent cytoplasmic swelling. Frequently severely swollen cells, containing remnant nuclear material and membranous strands, were sometimes observed in direct contact with the retinal pigmented epithelium.
Treatment-related morphologic changes were not evident in other ocular structures of the posterior segment, including the retinal pigmented epithelium.
Transmission electron microscopy of ~,~-AP3-induced retinal lesions
On PNDs 5 and 7, a small number of cells had acute cytoplasmic and nuclear swelling ( Fig. 9 ). These changes correlated with those observed by light microscopy, especially since affected cells were identified in the same two locations (see earlier). In some cases, swollen cytoplasmic processes extended toward the retinal pigmented epithelium but ended abruptly at the external limiting membrane. Nuclear chromatin condensation was a minor feature of enlarged nuclei. By PND 10, severe cytoplasmic swelling and necrosis were evident across most of the neuroblastic retina ( Figs. 10-12 ). Overall, cytoplasmic changes were much more severe than nuclear changes. Unaffected cell processes with normal cytoplasmic organelles were evident but infrequent. Compared to the outer layers, changes in the more differentiated inner retinal layers (nerve fiber, ganglion cell, and inner plexiform) were restricted to minor cytoplasmic vacuolization ( Fig. 10) . Cells in the middle portion of the retina had extensive cytoplasmic swelling and loss of organelles ( Fig. 1 1) . Affected nuclei were either severely swollen or electron-dense and pyknotic ( Figs. 11, 12 ). In the outer retina, swollen or necrotic photoreceptor cells were displaced below the developing external limiting membrane, close to the retinal pigmented epithelium (Fig. 12 ). Developing photoreceptor segments were severely disrupted and contained vacuoles with membranous debris. In addition, retinal pigmented epithelial cells contained vacuoles and the pyknotic nuclear profiles of necrotic photoreceptor cells.
At later time points, the dystrophic retina contained disorganized outer layers but little evidence of necrosis. Although inner retinal layers were relatively normal on PNDs 15 and 20, vacuolization was evident ultrastructurally in the nerve fiber and ganglion cell layers (Fig. 13 ). The inner plexiform layer was irregular and contained a reduced number of normal dendritic processes. Remnant inner nuclear layer cells were disrupted and occasionally swollen. Cell swelling, when extreme, often compressed adjacent cells (Fig. 14) .
Swollen cells had small nuclei with condensed chromatin and membranous cytoplasmic strands. Certain cells with severe cytoplasmic distention appeared to have fused membranes. Although spaces between retinal pigmented epithelial cells occasionally contained membranous debris, significant changes were not evident.
Discussion
The present study describes the effects of D,L-AP~ on early postnatal retinal development in the rat. D,L-AP3 is structurally related to aspartateZ1 and has been shown to have both stimulatory and inhibitory activity22 at metabotropic glutamate receptors in the brain. 21, 23, 32 The pharmacologic activity of D,L-AP~ is complex and incompletely understood but involves perturbations in cellular phosphoinositol hydrolysis, cyclic AMP levels, and ion channel function.21~24~26 These receptor-mediated effects have linked metabotropic receptors to changes in synapse formation (synaptic plasticity), including neuronal injury,25 and learning and memory.14 Glutamate and aspartate are excitatory amino acids with important neurotransmitter roles for a number of retinal cell types, including photoreceptors and bipolar cells. 1,33 After D,L-AP~ administration, retinal lesions may develop as a result of receptor inhibition, receptor stimulation, changes in receptor function, or direct toxicity.
The role of metabotropic receptors in growth and development of the retina is currently unknown. Because metabotropic glutamate receptors are developmentally expressed during the postnatal period, their importance in growth and synaptic plasticity of the nervous system has recently been rec0gnized.l Several studies have shown that metabotropic receptors coupled to phosphoinositol hydrolysis are maximally expressed in neonatal rats between the ages of 7 and 11 d a y~.~J~ Moreover, neurophysiologic studies have identified significant differences in the neuroanatomic location and distribution of metabotropic receptor^.^^ Thus, there is evidence indicating that the developmental expression of metabotropic receptors is both regionally and temporally regulated. Using experimental in vitro stimulation, several reports have identified significant metabotropic receptor activity that corresponds to the treatment period in the present s t~d y .~,~' This in vitro information, plus the induction of retinal lesions by D,L-AP~, strongly suggests a role for metabotropic glutamate receptors in postnatal retinal development. The mechanism by which D,L-AP~ produces retinal injury remains obscure.
In comparison to normal retinal development, early postnatal treatment with D,L-AP~ produced rapidly progressive retinal toxicity, which resulted in severe retinal dystrophy. Susceptibility to ~,~-AP3-induced Vet Pathol325, 1995 Fig. 9 . Retina; ~,~-AP3-treated rat, PND 7. Inner (inb) and outer (onb) neuroblastic layers contain swollen cells. Note the swollen cytoplasmic processes (arrows) that end abruptly (arrowheads) at the external limiting membrane (elm) just above the retinal pigmented epithelium (rpe). Bar = 5 Pm. injury was inversely proportional to the stage of retinal differentiation. Less differentiated retinal areas (outer layers and peripheral regions near the ora serrata) were more severely affected than more differentiated retinal areas (inner layers and central regions near the optic nerve). During the treatment period (PNDs 3-6) , lesions were relatively subtle, as mild cytoplasmic swelling was confined to cells in two retinal regions: the developing inner nuclear layer and the emerging outer A previous study identified a relationship between the time period of D,L-AP~ treatment and the seventy of retinal lesions.6 In adult rats treated with D,L-AP~ as neonates, retinal injury was more severe when treatment was completed prior to PND Severe retinal effects occurred when a high dose of D,L-AP~ (500 mg/ kg/day) was given on PNDs 4-10. However, in the present study, similar lesions occurred at a slightly lower dose (400 mg/kg/day) and shorter dosing period (days 3-6 ). This suggests that only limited exposure to D,L-AP~ very early in the postnatal period is necessary to induce severe retinal dystrophy. Neonatal treatment with D,L-AP~ has also been shown to produce optic nerve atrophy, which is likely secondary to failure of complete retinal development. 6 Although optic nerves were not extensively evaluated in the present study, a qualitative reduction in the number of retinal ganglion cells was noted at later time points, particularly in the peripheral retina. The vacuolization observed by electron microscopy in the nerve fiber and ganglion cell layers suggested early injury in those areas. These lesions probably progress with time and lead to the severe optic nerve atrophy previously reported in adult rats. 6 Because retinal lesions progressed rapidly after termination of D,L-AP~ treatment, cells initially susceptible to the effects of D,L-AP~ are likely critical to suc-cessful retinal differentiation. The identity of these cntical cells is currently unknown. Based on similarities in location and temporal appearance, susceptible cells in the neuroblastic layer could be either specific retinal neurons, retinal glia, or both. Horizontal cells appear in the developing outer plexiform layer about PND 5, where they form synaptic connections with photoreceptor cells.34 This is similar in location to the acutely swollen cells in the outer portion of the neuroblastic layer of the present study. If D,L-AP~ injures horizontal cells early in differentiation, normal synaptic connections would not be formed with developing photoreceptor cells and subsequent retinal cytoarchitectural organization might not proceed.
In addition to the possibility of early horizontal cell Although retinal dystrophy progressed after treatment termination, severe cytoplasmic swelling and membranous debris in outer retinal layers suggested more recent cellular injury. It would seem unlikely that these lesions were the direct result of D , L -A P~ injury, but the accumulation and retention of D,L-AP~ in retinal tissue are unknown. Other delayed mechanisms could include indirect cell loss through failure of normal synapse formation or excessive release of excitatory amino acid neurotransmitters, which has been shown to be toxic to the retina.I8 Whether retinal lesions result from a combination of primary injury during treatment and secondary delayed injury, or a direct effect on retinal cells but delayed morphologic change, is not known.
The effects of most known toxins on the developing retina have not been determined; however, several drugs and chemicals have been shown to induce retinal toxicity in adult rats.20 These include lead,8 hexachlo-r~p h e n e ,~' sodium iodate,15 c h l o r o q~i n o n e s ,~ and phenothiazines.' The effects of D , L -A P~ in neonatal rats appear to be unique in interrupting normal postnatal retinal development. Retinopathic effects with several structurally related propionic acid compounds have produced migration and displacement of outer nuclear cells into injured photoreceptor segments in adult rats.IO Propionic acid derivatives are structural analogs of D,L-AP3, but their role as excitatory amino acids a t metabotropic glutamate receptors is unknown and may or may not relate to mechanisms involved in the present study.
In summary, severe retinal dystrophy developed within 2 weeks of D , L -A P~ treatment in neonatal rats. Because D , L -A P~ has known pharmacologic activity at metabotropic glutamate receptors in the brain, effects on retinal metabotropic glutamate receptors may contribute to the observed progression oflesions. T h e toxic effects of D,L-AP~ could serve as a model for studying the role of metabotropic glutamate receptors in retinal development.
